Fucus radicans is an endemic habitat-forming brown macroalga in the Baltic Sea that commonly complements its sexual reproduction with asexual reproduction. Asexual reproduction in F. radicans takes place through formation of adventitious branches (hereafter fragments), but the exact mechanisms behind it remain unknown. We assessed experimentally the importance of two environmental factors determining the re-attachment success of F. radicans fragments. By combining different light conditions (daylength and irradiance; high or low light) and water temperature (+14°C and +4°C), we mimicked ambient light and temperature conditions of winter, spring/ autumn and summer for F. radicans. Fragments were able to re-attach in all tested conditions. Temperature and light had an interactive impact on re-attachment: the combination of high temperature and high light level resulted in the highest re-attachment success, while light level had no effects on re-attachment success in cooler water temperature and the re-attachment success in high temperature under low light levels was very low. The results suggest that rhizoid formation, and thus re-attachment success, may depend on the net primary production (metabolic balance) of the fragment. However, whether the re-attachment and asexual reproduction success simply depends on photosynthetic capacity warrants further mechanistic studies. Understanding the mechanisms of asexual reproduction in F. radicans is important in order to assess the dispersal capacity of this foundation species.
Introduction
Asexual reproduction through vegetative propagation is most common in sub-optimal conditions, suggesting an evolutionary trait-environment relationship (Klimeš et al. 1997) . Some marine macroalgae are known to complement their sexual reproduction by dispersal of fragments that later re-attach, forming new thalli (Santelices 2004) . Such asexual reproduction has been reported in e.g. Codium spp. (Gagnon et al. 2014) , Caulerpa spp. (Ceccherelli and Piazzi 2001) , Halimeda spp. (Walters et al. 2002) , Gracillaria chilensis (Santelices and Varela 1993, Santelices et al. 1995) and Bostrychia radicans (Collado-Vides 2001) .
The Baltic Sea is a marine marginal environment with low yet stable salinity (Johannesson and Andre 2006) and many macroalgal species have adapted to the environmental conditions in the area by alterations in their life cycles. For example, Furcellaria lumbricalis (Kostamo 2008) and Ceramium tenuicorne (Bergström et al. 2003 ) have a higher proportion of vegetative reproduction in the northern Baltic Sea compared to more central populations. Asexual reproduction in the brown macroalgal genus Fucus was recently discovered in the Bothnian Sea basin in the Baltic Sea by Tatarenkov et al. (2005) , who described vegetative reproduction of Fucus vesiculosus and Fucus radicans. Several studies have documented the physiological adaptations to low salinity of fucoids in the Baltic Sea in comparison to Atlantic populations. Differences in the reproductive traits show adaptations in gametes to low salinity and the lack of a tidal induced gamete release trigger (i.e. Andersson et al. 1994 , Serrão et al. 1996 , 1997 ) but other physiological differences such as lower photosynthesis, lower optimal temperatures and lower growth have also been documented (i.e. Raven and Samuelsson 1988 , Nygård and Ekelund 2006 , Nygård and Dring 2008 , Gylle et al. 2011 . The Baltic fucoids also tend to have a lower tolerance to desiccation compared to the more central Atlantic populations (Pearson et al. 2000) .
Fucus radicans is a foundation species in the species poor Baltic Sea ecosystem, providing a perennial structure and habitat (Dayton 1972) . It is endemic to the Baltic Sea (Pereyra et al. 2009 ) and only found in the Bothnian Sea and around the Estonian island of Saaremaa, within a salinity range of 3-5 in the Bothnian Sea and 5-6 around Estonia (Feistel et al. 2010 , Forslund et al. 2012 . Fucus radicans can exhibit high, up to 84%, clonality compared to e.g. Fucus vesiculosus where clonality of 7% has been described but only within a few marginal populations , Johannesson et al. 2011 . The high clonality is unusual among fucoids and, as it has not been described elsewhere, it indicates that asexual dispersal clearly is advantageous for reproduction in F. radicans populations in low saline environments , Johannesson et al. 2011 .
Asexual reproduction in Fucus radicans takes place through detached adventitious branches (called fragments once severed from the parental thallus). These adventitious branches are numerous (ca. 8 adventitious branches per g wet weight thallus; Forslund and Kautsky 2013) and most often formed in the lower, older parts of the thallus, but can also be found higher up, emerging from the midrib (see Tatarenkov et al. 2005 for illustrations). The adventitious branches are presumably severed from the main thalli and become free-floating fragments either by wave action or grazing and re-attach to the substrate by forming new rhizoids from the severed basal part . As sexual reproduction in F. radicans is likely to be as spatially limited as in Fucus vesiculosus (sexual dispersal range of a couple of meters; Serrão et al. 1997) , the large distances between thalli of the same clone (Johannesson et al. 2011) suggest that asexual reproduction has the potential to substantially expand the spatial coverage of F. radicans. Further, the lack of gas-filled bladders in F. radicans, that allow F. vesiculosus thalli to float for extensive time periods (up to 200 days), increasing its dispersal (Vandendriessche et al. 2006) , diminishes the dispersal capacity of F. radicans compared to F. vesiculosus.
Despite the common occurrence of asexual reproduction in Fucus radicans in the Baltic Sea, it is yet unknown which, if any, environmental cues determine the success of this reproductive mode. The reproductive strategy and life cycles of fucoids growing in temperate regions are known to be affected by seasonality, mainly light and temperature, either as single or interacting factors (e.g. Berger et al. 2001 , Kraufvelin et al. 2012 . For example, thallus growth in Fucus vesiculosus is initiated at ca. 10°C in spring (Munda and Kremer 1977) and fertilized eggs of the same species require temperatures between ca. 8 and 14°C to attach to the substrate (Serrão et al. 1999) . Further, rhizoid formation in Fucus sp. zygotes is light specific, needing wavelengths within the visible region (400-750 nm) in order to form (Whitaker 1942) . However, the impact of seasonal cues such as daylength and temperature on asexual reproduction success in fucoids is still unknown. In this study we investigate experimentally whether the reattachment of F. radicans fragments is affected by water temperature and light conditions (irradiance in combination with daylength). As metabolism and somatic growth in photosynthetic organisms increase when temperature and light levels approach optimal levels, we hypothesize that conditions with higher water temperature and higher irradiance together with long daylength will enhance the re-attachment success.
Materials and methods
Thalli of Fucus radicans Bergström et Kautsky (n = 15; an individual was defined as a physically separate unit, irrespective of genotype) were collected during late July 2012 at Järnäs (63°26′6.6″N:19°40′8.6″E) and early August 2013 at Skagsudde (63°11′32.7″N:19°0′15.7″E) and Drivan (63°26′59.1″N:19°20′2.4″E). Previous samplings for genotyping at these sites revealed between 9 and 13 different genotypes for 50 sampled thalli within each site (Ardehed et al. 2015) . To ensure that at least two genotypes were represented in the (non-genotyped) material, we collected both male and female thalli from all three donor sites for the experiment. The donor sites are covered with ice during winter (HELCOM 2013) and the surface water temperature during the summer months varies between 5 and 14°C (Serrão et al. 1999) . The salinity at these sites ranges from 2.8 to 4.5 (Serrão et al. 1999 , Forslund et al. 2012 . The natural light levels during a sunny summer day at 2-4 m depth (where the Fucus stands are most dense) varies between 70 and 600 μmol photons m −2 s −1 (Serrão et al. 1999 ). The collected thalli were transported within 24 h in cool, dark and moist conditions to Askö Laboratory (58°49′19.85″N, 17°38′8.46″E), where they were kept submerged in seawater flow through outdoor tanks (260 l h −1 ) with natural salinity of ca. 6 until the start of the experiment. As Fucus radicans grows in salinities of up to 6, this slight increase in salinity during the preliminary cultivation was not considered to cause extensive stress to the algae. One thallus was defined as several ramets (i.e. parts of thallus) growing from one holdfast. For transportation from Askö Laboratory to the experimental facilities at Roskilde University, Denmark, one or two ramets rich with adventitious branches were cut off from each thallus and placed in an individual plastic bag with moist tissue paper. The ramets were kept dark and cool during the transport (22 h). Fucoids are generally robust to drying, and they are able to recover rapidly after transportation in cool, moist and dark conditions (pers. obs.). Upon arrival the ramets were placed in individual beakers filled with water with salinity 5 and kept at +15°C in ca. 80 μmol photons m −2 s −1 for 3 days until the start of the experiment (Nygård and Dring 2008) . At the beginning of the experiment ca. 100 fragments (length: 5-10 mm), were picked from each ramet and used in the experiment (see below).
The experiment was designed to mimic the average light and temperature conditions during the different seasons in the Bothnian Sea, i.e. summer (warm water temperature, high light), winter (cold water temperature, low light) and spring/autumn (cold water temperature, high light). The fourth treatment with warm water temperature and low light was necessary for balanced full factorial experimental design. Thus, the setup consisted of four treatment combinations with two levels of both factors light (high, low) and temperature (high, low). Light was provided by lamps with halogen spots (OSRAM Decostar 51:12V, 35W). The light regime was 16:8 (light:dark) for high light treatments and 6:18 for low light treatments. Further reduction of irradiance for the low light treatments was created by placing the light source higher up from the tank and placing fine black mesh over the aquaria. Irradiance levels for high and low light treatments were 96-100 and 30-33 μmol m −2 s −1
, respectively (2π, quantitherm PAR/ temperature sensor, Hansatech Instruments). These are equivalent to a clear summer day (Serrão et al. 1999 ) and under ice conditions, respectively (Tulonen et al. 1994 ) in the donor region. As we simultaneously manipulated both irradiance and daylength, the design did not allow us to estimate the individual impacts of these potentially confounding factors on Fucus radicans re-attachment. Stable target water temperatures for both high (+14°C) and low temperature treatments (+4°C) were obtained by placing aquaria in larger water baths (three aquaria in each bath) each equipped with a heater (Julabo ED, Julabo Laortechnik GmbH, Seelbach, Germany), a cooler and a water pump to maintain uniform temperature in the water bath (Figure 1 ). These temperatures correspond to the average summer and winter temperatures in the Bothnian Sea, that range from 8 to 15°C and from 1 to 4°C, respectively (HELCOM 2013) . The higher range of each temperature interval was chosen as target temperatures in order to avoid freezing in the cold water treatment. Both irradiance and temperature were monitored with temperature and light loggers (HOBO Pendant ® , 8K, Onset) throughout the experiment.
An experimental unit consisted of transparent plastic jars with lid (V = 0.45 l) and a white 4 × 4 cm ceramic tile with rough surface on the bottom as substrate. Each unit was filled with diluted seawater with a salinity of 5. The water was prepared by mixing seawater from the North Sea (salinity of 30) with non-chlorinated tap water with a naturally high dissolved inorganic carbon (DIC) concentration. The photosynthetic rate of Fucus in the Bothnian Sea increases with salinity (Nygård and Ekelund 2006) . Therefore, the slightly higher salinity compared to the ambient salinity of the collected thalli, both before and during the experiment, should not negatively affect the physiological performance of the fragments. Ceramic tiles were chosen as similar rough, alkaline substrate has been observed to increase settling of Fucus vesiculosus germlings (Malm et al. 2003) . The tiles were soaked for 24 h before the experiment. Four randomized Fucus radicans fragments from different thalli were placed on the tile in each experimental unit. No thallus was represented more than once in each unit. The units (n = 96) were randomly placed in 12 aquaria (eight units in each) which were randomized for both light and temperature treatments (n = 3 per treatment combination). The experiment was run for 7 weeks, which has been shown to be sufficient time for rhizoid formation and attachment for F. radicans fragments .
As re-attachment of fragments requires low water movement (Santelices 2004) , and the natural circulation of water is reduced by ice cover in winter (Kelley 1997) , we avoided excessive water movement in the experimental units. Low or absent water movement creates a thicker boundary layer around alga, which affects the nutrient uptake (Wheeler 1980) . While previous studies have shown high survival and fitness of Fucus radicans fragments in still water , we analyzed the DIC concentrations in randomly selected experimental units from each treatment combination to control for ; Bidwell and McLachlan 1985) . Further, to minimize the risk for depletion of carbon and other nutrients over time, two thirds of the water in each unit was changed after 4 weeks. To avoid disturbing the re-attachment process, water was first carefully removed and then replaced by newly mixed aerated water by using a 5-ml pipette.
After 7 weeks, we counted the number and percentage of fragments (0, 25, 50, 75 or 100%) per experimental unit that had re-attached to the substrate. A fragment was defined as re-attached if it remained attached to the substrate after being gently rinsed with water.
Initially we analyzed the effects of temperature and light on re-attachment using univariate permutational nested analysis in PERMANOVA+ in PRIMER 6. Temperature and light were considered fixed factors and aquaria a random factor, nested under temperature and light treatments to adjust for the eight pseudoreplicates (i.e. nonindependent experimental units) per aquaria. However, as aquaria had no significant effect on the re-attachment success (p  0.05) and only explained a minor part (8.5%) of the variance, this nested factor was excluded from the final analysis. The final analysis thus consisted of a two-way univariate permutational analysis where we used the mean re-attachment values for each aquarium. Significant main factor interactions were followed by pairwise permutational post hoc comparisons (based on permutational t-statistics; Anderson et al. 2008) . Resemblance matrix was based on Euclidean distance and the dispersion of data was inspected using PERMDISP. All analyses were conducted using 9999 permutations and with significance level of 0.05. Given values are mean ± SE.
Results

Re-attachment experiment
The fragments attached mostly by rhizoids formed from the basal parts, while a few fragments with rhizoids failed to attach to the substratum. In addition, many fragments had formed long, thick bunches of cryptostomata hairs. Further, we observed that somatic growth in terms of produced side shoots had begun on most fragments. These fragments had formed new shoots, often several, from the basal part. The formation of these side shoots also took place in fragments showing no rhizoid formation.
The average re-attachment percentage of fragments was 19.5% across all treatments. Temperature and light had an interactive impact on re-attachment (Table 1) . At low temperatures, light had no effect on re-attachment (pairwise post hoc comparison, p > 0.05, Figure 2 ) and the two light treatments showed similar re-attachment success. At high temperatures, however, light treatment affected reattachment success significantly with higher re-attachment in high light compared to low light condition (pairwise post hoc comparison, p = 0.0059).
Discussion
Understanding which factors control re-attachment is not only important for mechanistic understanding of the reproductive biology of Fucus radicans. It is also necessary when estimating the population dynamics of this habitat forming foundation species. In this study we determined how two important environmental factors, temperature , 16 h:8 h light:dark regime) treatments, respectively. n = 3 (with eight pseudoreplicates each) for each treatment combination.
and light affect re-settling success of asexual F. radicans fragments. The fragments were able to re-attach in all the tested conditions, but the re-attachment was interactively affected by temperature and light. The re-attachment success was much higher in the conditions corresponding to summer (high temperature and high light level) compared to all the other treatment combinations. Re-attachment success was equal in conditions mimicking winter (low temperature and low light level) and spring or autumn (low temperature and high light level). High water temperature under low light conditions resulted in relatively poor re-attachment success.
Fragment re-attachment and growth
By the end of the experiment, most fragments had attached by rhizoids, as expected, and many of the re-attached fragments had also formed long, thick bunches of cryptostomata hairs. The exact function of these has not been established, but they have been suggested to enhance nutrient uptake (Chapman 1995 and references therein) , as with euryhaline hairs in Ceramium sp. (DeBoer and Whoriskey 1983) . The rich abundance of cryptostomata hairs might thus assist the growth of the small fragment by facilitating nutrient uptake, in a similar way to apical hairs found on sexually produced germlings (Hurd et al. 1993) . The production of new side shoots from the basal part of the fragments was common in the current study, irrespective of rhizoid formation. Similar basal proliferations have been shown to occur on Fucus vesiculosus fragments as a response to wounding (Moss 1961) . If Fucus radicans fragments fail to reattach successfully, they might be able to form benthopleustophytic populations, as are documented for F. vesiculosus in the Baltic Proper (Svedelius 1901 , Waern 1952 .
Impact of environmental conditions
The re-attachment pattern in different light and temperature combinations suggests that, instead of a specific light or temperature threshold, the re-attachment success may depend simply on the net primary production (metabolic balance), and is enhanced in conditions favorable for positive net primary production. Both temperature and light are key factors affecting a multitude of processes in photosynthetic organisms. As somatic growth, including rhizoid formation, is an energy requiring process, re-settlement was, as we hypothesized, enhanced in conditions favorable for growth in photosynthetic organisms.
Organismal metabolism increases with temperature in ectothermic organisms (Brown et al. 2004 ) simultaneously increasing the light requirements in photosynthetic organisms. In light-saturated settings, higher temperature may lead to more efficient photosynthesis (Davison et al. 1991) . Accordingly, the re-attachment success of fragments was highest when exposed to both high light and high temperature. Due to the higher compensation point for photosynthesis in high temperatures compared to lower temperatures, limited light availability will reduce the net primary production (Davison et al. 1991) . For photosynthetic organisms, low irradiance levels may thus not be sufficient to produce enough energy to keep up with metabolism in high temperatures, leading to decreased functionality, growth or survival. Consequently, the re-attachment success of fragments was much lower in the experimental treatment with high temperature and low light levels compared to all other treatment combinations, potentially due to energy depleting conditions (i.e. high metabolism and low photosynthetic rates). Similarly, rhizoid formation in the green filamentous algae Spirogyra has been observed to be light dependent and optimal in temperatures of 20°C (Nagata 1973a,b) . Further, the lack of impact of light level on re-attachment success in the low temperature conditions suggests that low light levels under ice are likely high enough or even saturating for the lowered metabolism in Fucus radicans fragments during winter. Accordingly, the optimal rate of photosynthesis for Fucus in the Bothnian Sea is lower (4-10°C) in low salinities (salinity of 5), compared to more central (the Irish Sea) populations, that reach maximum photosynthetic rate in higher temperatures (ca. 15-20°C; Nygård and Dring 2008) .
Benthic environments are complex systems, with a multitude of physical and biological mechanisms determining the success of different species. Besides factors affecting photosynthesis, other factors such as hydrodynamics and biotic interactions have been suggested to contribute to the re-attachment success of vegetative fragments. For example, Bergström et al. (2005) speculated that re-attachment might be promoted by long periods of calm water, such as conditions under the ice, since the fragments are easily re-suspended. In our experiment, the fragments were able to re-attach in all tested conditions, which should be advantageous for the individual fitness as, at least theoretically, this plasticity can provide a temporal escape from competition or too harsh environmental settings (i.e. low salinity). In addition to the flexibility in timing of asexual reproduction, the larger body size of asexual fragments might be beneficial in stressful environments compared to the smaller sexual life stages.
Fragments may be able to withstand sedimentation better than small germlings, as larger organisms are not equally easily buried under sediment. Relatively large body size might also decrease the vulnerability to grazing. Gastropods have been shown to graze on Fucus germlings up to 1 mm, affecting the post-settlement mortality (Malm et al. 1999) . However, whether and how potential seasonal refuge from stress and the larger size of asexual life stages compared to the asexual life stages contributes to individual fitness requires further investigation.
Conclusions
Estimating the relative importance, mechanisms and potential of vegetative reproduction compared to sexual reproduction is required for the understanding of the population and dispersal dynamics of Fucus radicans. We here made the first effort to shed light on the mechanisms determining how environmental settings affect the success of vegetative reproduction in this endemic foundation species. Out results suggest that, more than light or temperature cues per se, light and temperature also affect re-settling of asexual fragments interactively. We suggest a potential mechanism for reattachment through a combination of enhanced metabolic activity and positive net primary production.
